The mechanisms responsible for these morphological vinculin and talin at focal contacts. The unrounded and cytoskeletal changes are poorly understood. One cells showed less disruption in the organization of possible explanation is that pressure alters the thermothese same proteins. Microtubules and myosin II fila-dynamics of the assembly of cytoskeletal proteins, forcments appeared resistant to 400 atm pressure in both ing these proteins to depolymerize [10][11][12][13]. According cell types, whether rounded or unrounded. However, to LeChatelier's principle, increased pressure will shift in HeLa cells, the intermediate filaments, vimentin the equilibrium of a reaction in the direction in which and cytokeratin, depolymerized and formed small ves-the net volumes of the reacting molecules become icles when pressures exceeded 200 atm, and this oc-smaller. Pressure, therefore, should promote the disascurred in rounded as well as unrounded cells. In osteo-sembly of actin, myosin II, and tubulin because polysarcoma cells, which do not have cytokeratin, vimen-merization of these proteins in vitro entails large intin did not depolymerize. We discuss different creases in volume (Ç100 mlrmol 01 ) (actin [14-17]), mechanisms that might explain these responses to myosin II [18] [19][20] [21] [22], and tubulin [23]). It is not clear, pressure, including direct effects on the equilibria of however, how well the conditions for in vitro assembly protein polymerization and less direct effects on regu-match those in living cells [23].
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latory mechanisms, such as phosphorylation pathWhile it is unquestionable that pressure alters cyways, that control cytoskeletal organization. The lattoskeletal assembly by altering the equilibria of polyter type of explanation seems more consistent with merization reactions, work by Salmon and co-workers both the variability of response within cell popula- [5, 6, [24] [25] [26] [27] suggests that such thermodynamic effects are less important in determining a cell's sensitivity to pressure than are pressure's effects on some regulator 1 ger system. Otter et al. [5] proposed that pressure ele- 2 To whom correspondence and reprint requests should be sent. Fax: (919) 684-6168; E-mail: crenshaw@acpub.duke.edu.
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With this technique, cells are held at pressure in normal tissue culknown to participate in the regulation of cytoskeletal ture medium in one chamber while double-strength fixation buffer organization. Crenshaw and Salmon [28] , however, is held in a second chamber separated from the first by a thin glass demonstrated that pressures up to 400 atm do not wall. A steel ball bearing is inside the second chamber, and the cells change cytosolic calcium concentrations in C 3 H 10T1/2 are fixed at pressure by vigorous shaking of the chambers which causes the ball bearing to break the glass wall and then mix the mouse fibroblasts, although these cells round up at medium and double-strength fixation buffer. 300 atm.
Several different fixatives/buffers were used for the different proThis paper extends the work of Bourns et al. [6] by teins and cells we examined (described below). When glutaraldehyde/ examining the effects of hydrostatic pressure on seven formaldehyde was used, cells were fixed at pressure, as described by different cytoskeletal proteins with the goal of de-Bourns et al. [6] . Methanol fixation could not be performed at pressure, so the cells were pressurized in the chamber for the designated termining which molecular mechanisms might be retime and then depressurized. The pressure chamber was rapidly sponsible for these effects. We describe the pressure disassembled, and the cells were fixed at 1 atm. No more than 90 s responses of the cytoskeleton in two cell lines-rat os-elapsed from release of pressure to fixation of cells. The appearance teosarcoma cells (ROS-17/2.8), chosen because bone of cells in phase-contrast microscopy fixed in these two ways (at cells are sensitive to physiological pressures [7] [8] [9] 29] , pressure versus after pressurization) was indistinguishable.
In all cases, pressure was raised rapidly over not more than 15 s.
and HeLa cells, chosen because there is a large literaThe cells were held at pressure either for 10 min or for 30 min, and ture on the biology of these cells. We observed the bepressure was released in less than 1 s. Cells fixed after pressurization haviors of several cytoskeletal proteins. Tubulin and for 10 min were found to be qualitatively similar to those that had actin were examined for consistency with the work of been pressurized for 30 min. We report only results from cells held at pressure for 30 min in consistency with the techniques of Bourns Bournes et al. [6] and because these are two of the most et al. [6] . prominent cytoskeletal proteins. Vinculin and talin Cells were fixed at one of four pressures, 1, 200, 300, or 400 atm.
were examined in the rat osteosarcoma cells 3 because (Preliminary results from cells fixed at 100 atm revealed no signifithese proteins participate in adhesion of the cell at focal cant changes, so cytoskeletal organization was not rigorously examcontacts, and we anticipated changes in their distribu-ined at this pressure.) For all cell types, pressures, and cytoskeletal components, a minimum of three repetitions were performed. [30] [31] [32] .
given below for fixative solutions are the concentrations in the double Surprisingly, cytokeratin was the most sensitive to strength buffer (which was then diluted 1:1 with tissue culture mepressure of all the proteins we examined, depolymeriz-dium during fixation). provide additional evidence that pressure-induced alTubulin. Cells were fixed at pressure with 0.2% glutaraldehyde terations of a regulatory pathway are responsible for and 4% formaldehyde in 160 mM PIPES, 10 mM EGTA, 1 mM the observed cytoskeletal changes. MgSO 4 , and 1% Triton X-100, pH 6.8. No blocking solution was used. The primary (Sigma T4026) and secondary (Sigma F0257) antibodies were diluted in PBS. Antibodies were incubated with the specimen
MATERIALS AND METHODS
for 45-60 min at 37ЊC.
Actin. Cells were fixed at pressure with 4% formaldehyde and HeLa cells were obtained from the Lineberger Comprehensive Cancer Center. ROS-17/2.8 rat osteosarcoma cells were provided by 1% Triton X-100 in PBS. They were then extracted in cold (020ЊC) methanol for 4 min followed by cold (020ЊC) acetone for 4 min. R. D. Mullins (University of Kentucky). HeLa cells were cultured in DMEM (Sigma). ROS-17/2.8 cells were cultured in MEM (Sigma). TRITC-phalloidin (Sigma P1951) was diluted in PBS and applied for 30-45 min at 37ЊC. Both media were supplemented with 10% fetal bovine serum (Gibco), penicillin, and streptomycin. Cultures were maintained at 37ЊC with Myosin II. Cells were fixed, immediately after pressure was re-95% air/5% CO 2 as the gas phase. Cells to be pressurized were culleased, in cold (020ЊC) methanol for 4 min. The primary (Sigma tured on glass coverslips that had been thoroughly cleaned by ultra-M7648) and secondary (Sigma F0382) antibodies were diluted in BS. sound cleaning in consecutive solutions of detergent (Alconox, Ç10 Antibodies were incubated with the specimen for 60-90 min at 37ЊC. g/liter), deionized water, and 95% ethanol.
Vinculin and talin. Cells were fixed, immediately after pressure Cells were pressurized in the triple chamber described by Bourns was released, in cold (020ЊC) methanol for 4 min followed by cold et al. [6] in which cells can be held and fixed at pressure at 37ЊC. acetone (020ЊC) for 2 min. The primary (talin, Sigma T3287; vinculin, Sigma V4505) and secondary (Sigma F0257) antibodies were diluted in PBS. Antibodies were incubated with the specimen for 45-60 min at 37ЊC. 3 We could not get good immunofluorescent labeling of talin or vinculin in HeLa cells.
Cytokeratin. Cells were fixed, immediately after pressure was released, in cold (020ЊC) methanol for 4 min. The primary (Sigma 4 We could not get good immunofluorescent labeling of myosin II in the rat osteosarcoma cells. C1801) and secondary (Sigma F0257) antibodies were diluted in BS. Antibodies were incubated with the specimen for 60-90 min at 37ЊC. 5 Cytokeratin is not present in rat osteosarcoma cells.
Vimentin. Cells were fixed at pressure with 4% formaldehyde in these cells. In flattened cells, which retained their 160 mM PIPES, 10 mM EGTA, 1 mM MgSO 4 , and 1% Triton X-100, stress fibers, banding was still evident at 400 atm (Figs. pH 6.8. The primary antibody (Sigma V6630) was diluted in BS. The 4B and 4C).
secondary antibody (Sigma F0257) was diluted in PBS. Antibodies Vinculin and talin were localized to focal contacts in were incubated with the specimen for 45-60 min at 37ЊC. osteosarcoma cells at 1 atm, creating large spots that stained intensely on the ventral surface of the cells Fig. 5A ; results for talin were identical and, thus, are not presented). In cells that had rounded, no spots of vinculin staining appeared either under the Both HeLa and osteosarcoma cells rounded up and formed retraction fibers at 300 and 400 atm (Fig. 1) . cell or at the ends of retraction fibers. Again, in cells that remained flattened, spots of vinculin staining perNo rounding was observed at 200 atm. The response of cells at 300 and 400 atm, however, varied among sisted (Figs. 5B and 5C); however, the spots were smaller, less intense, and less common-many flatcells within the same population. At both pressures some cells rounded completely, while neighboring cells tened cells exhibited little or no spots of vinculin staining at 400 atm. remained flattened (Figs. 2B, 6D, cytokeratin filaments were reduced in number, espe-4B and 5B) and (2) giant cells, the very large cells (usually multinucleate) that spontaneously arise in cell cially at the margins of the cell, and large vesicles appeared that were visible in phase contrast and fluoculture (Figs. 2C, 2F, 3C, 3F, 5C, 6G, 6H, 7D, and 7H).
In cells that did undergo rounding, fluorescent stain-resced brightly when stained for cytokeratin. This effect was more pronounced at 300 atm (Figs. 6C and ing of the cytoskeleton showed that it was profoundly disrupted. However, it was difficult to determine how 6G). At 400 atm, cytokeratin filaments were completely depolymerized, except for a few filaments that permuch of this disruption arose from the effects of pressure on the specific cytoskeletal components, per se, as sisted in the perinuclear region of the cytoplasm (Figs.
6D and 6H). This disruption of cytokeratin filaments opposed to being secondary consequences of rounding. In cells that remained flattened at pressure, most cy-occurred in all cells, regardless of cell rounding. For example, giant cells, which remained flattened, exhibtoskeletal components appeared undisturbed, and this was especially true in giant cells.
ited the same disruption of cytokeratin as normal cells (compare Figs. 6A-D with 6E-H). Microtubules reorganized in rounded cells, but remained in cells, whether rounded or flattened, at all
The effect of pressure on vimentin intermediate filaments was different for the two cell lines. In HeLa pressures observed. In rounded cells, microtubules were visible both in the perinuclear region and inside cells, disruption of vimentin intermediate filaments was similar to that just described for cytokeratin interthin cell processes (Figs. 2B and 2E) . In flattened cells, the organization of microtubules appeared unchanged mediate filaments, but vimentin did not depolymerize as completely at 400 atm (Figs. 7A-D) . Again, vimenfrom that observed at 1 atm (Figs. 2B, 2C, 2E, and 2F) .
The organization of actin at pressure, like microtu-tin depolymerized in both rounded and flattened cells (HeLa giant cell, Fig. 7D ). In marked contrast, vimenbules, depended on whether the cell rounded or remained flattened. In rounded cells, stress fibers were tin in rat osteosarcoma cells did not depolymerize at any pressure tested (Figs. 7E-H) . not visible, and microvilli that stained intensely for filamentous actin appeared on the cell surface (Figs. 3B  and 3E) . In flattened cells, however, the organization DISCUSSION of actin appeared unaltered. Stress fibers persisted at pressures of 400 atm. In some flattened cells, the numOur results agree only partially with the results of earlier workers. The pressures that induce cell ber and size of stress fibers appeared reduced (Fig. 3B) , but in giant cells, stress fibers appeared completely rounding in these experiments are the same as those observed by most others. HeLa and rat osteosarcoma undisturbed (Figs. 3C and 3F) .
Myosin II in HeLa cells fixed at 1 atm exhibited punc-cells rounded at pressures exceeding 300 atm, as has been observed for other cell types (chicken heart fibrotate staining with banding occurring along actin stress fibers (Fig. 4A) , as reported for these and other cell blasts, 600 atm [1] ; several human cell types, 600 atm [2] ; BSC-1 monkey kidney epithelial cells, 300 atm [6] ). types at 1 atm (e.g., [33] ). In rounded cells at high pressure, punctate staining was visible, but banding In contrast, Haskin et al. [7] [8] [9] have reported that MG-63 human osteosarcoma cells round at pressures of only was not apparent because of the loss of stress fibers in 40 atm. We have been unable to repeat this result. In this study (unpublished results). We have no explanation for why cell rounding in our experiments requires our hands, using their culture and fixation techniques, MG-63 cells (obtained from two different sources-pressures an order of magnitude higher than Haskin et al. reported. American Type Culture Collection and Lineberger Comprehensive Cancer Center, University of North
The variation in cell rounding within a population of cells also has been reported by others [6, 7] , and the Carolina) do not round until pressurized to about 300 atm and behave like the rat osteosarcoma cells used in greater resistance to pressure-induced rounding by cells in contact with one another also has been reported sure chamber of Salmon and Ellis [34] , which allows direct viewing of cells at high pressure, indicates that by Haskin et al. [7] . The resistance of giant cells to pressure-induced cell rounding, however, seems not to some giant cells do round at pressures of about 400 atm (unpublished results). Nevertheless, most giant cells have been reported previously. Incidentally, these giant cells are not completely immune to pressure-in-resist pressure-induced rounding, with some cells remaining flattened at pressures exceeding 500 atm, a duced rounding. Observations of cells using the pres- pressure at which most other cells are completely clude. Nevertheless, the presence of polymerized actin in the microvilli of rounded cells and also in the stress rounded.
Our observations of changes in the organization of fibers of flattened cells at high pressures indicates that pressure is probably not acting on actin polymerization actin in rounded cells agree with the observations of Bourns et al. [6] . In rounded cells, actin stress fibers directly. These observations seem more consistent with the reorganization of actin being a secondary conseare absent, and numerous microvilli that stain brightly with rhodamine phalloidin (indicating the presence of quence of cell rounding.
We observe that microtubules in HeLa and rat osteofilamentous actin) cover the surface of the cell. Contrasting with this result, we observe that in flattened sarcoma cells are especially insensitive to high pressure, with microtubules being present both in rounded cells the organization of actin appears unaltered at pressures up to 400 atm, with stress fibers appearing cells and in flattened cells at pressures of 400 atm.
While the microtubules in rounded cells have, necesnormal. Both observations are important. The presence of brightly staining microvilli in rounded cells indicates sarily, reorganized, many microtubules are still visible in the cells, suggesting that the reorganization of tuthat actin has reorganized into cytoskeletal structures that are not present at 1 atm, as Bourns et al. [6] con-bulin is a secondary consequence of cell rounding. This bules [6] [7] [8] [24] [25] [26] [27] . Bourns et al. [6] demonstrated that microtubules are greatly reduced in BS-C-1 epithelial cells at 320 atm, even in cells that have not completely rounded. Haskin et al. [7] reported that pressures of only 40 atm induce depolymerization of microtubules in MG-63 osteosarcomas. They stated, however, that microtubules ''collapsed to the perinuclear area'' in rounded cells (which can be interpreted to mean that they were observing a reorganization of microtubules that accompanied cell rounding). It appears, therefore, that the sensitivity of interphase microtubules to pressure is cell-type specific.
We report for the first time the effects of pressure on myosin II distribution in cells. Again, the different results obtained for rounded cells compared with flattened cells are instructive. In rounded cells, there is punctate staining for myosin II. Verkhovsky et al. [33] have shown that the punctate staining of myosin II in immunofluorescence corresponds to the presence of myosin II filaments. This suggests that myosin II has not depolymerized in rounded cells and that changes in myosin II organization probably arise as a consequence of cell rounding, as would be expected from the loss of stress fibers that accompanies cell rounding. This conclusion is further supported by the presence of apparently undisturbed myosin II, in the form of striations along stress fibers, in cells that remain flattened at high pressure. Therefore, 400 atm pressure does not appear to induce substantial disassembly of myosin II filaments.
Cell rounding at high pressure would seem to suggest that cell adhesion is being altered. However, cells do not simply become spherical as they round at pressures of 300-500 atm. Instead, they leave many long cytoplasmic processes (retraction fibers) that connect to the substrate (Fig. 1 , see also [6] ). We investigated the effect of pressure on cell adhesion by examining the distribution of talin and vinculin, two proteins that localize to focal contacts. We observed similar behaviors for both proteins. In rounded cells, no fluorescence localized to any part of the cell, including the ends of the cell processes. In flattened cells, both proteins localized to focal contacts, especially in giant cells. However, the ited dramatic disruption, in both rounded and flattened activities of regulatory pathways in the cells, and we propose that these differences make the cells less sensicells. Disruption in flattened cells, as well as rounded cells, demonstrates that pressure's effect on these cy-tive to pressure.
Second, we observed different effects of pressure on toskeletal components is not a secondary effect of cell rounding, thus the effect of pressure is directly upon the same cytoskeletal protein in different cell lines.
Vimentin partially depolymerized in HeLa cells at 400 the mechanisms involved in polymer assembly and disassembly. Cytokeratin filaments appeared more pres-atm, but appeared undisturbed in rat osteosarcomas.
Furthermore, tubulin did not depolymerize to any great sure-sensitive than vimentin filaments, which is a surprising result because cytokeratin filaments are re-extent at 400 atm in HeLa and rat osteosarcoma cells in these experiments, but tubulin almost completely markably resistant to the normal physicochemical treatments used to biochemically depolymerize and sol-depolymerized in BS-C-1 cells at 320 atm [6] . Again, different cell lines have different physiologies that preubilize other proteins [30] . Similar disruption of cytokeratin filaments also has been observed in fish kerato-sumably are characterized by differences in the activities of regulatory pathways in these lines which might cytes (unpublished data).
Vimentin, however, did not depolymerize at any create differences in pressure sensitivity. Third, we observed marked depolymerization of vipressure in rat osteosarcoma cells. This different sensitivity to pressure in different cell types mirrors the mentin and cytokeratin in HeLa cells. Intermediate filaments, and most especially cytokeratin, resist debehavior of microtubules in different cell types (BS-C-1, HeLa, and rat osteosarcoma, as discussed above). polymerization via physicochemical treatments commonly used to solubilize proteins [30] . Therefore, it Haskin et al. [7, 8] report that vimentin in MG-63 osteosarcoma cells depolymerizes at 40 atm; however, as seems unlikely that these proteins depolymerize solely via pressure's effect on polymerization equilibria. with microtubules, they report that vimentin microfilaments ''collapsed to the perinuclear area'' in rounded
We propose that pressure is altering a phosphorylation pathway. The evidence is circumstantial, but there cells, which can be interpreted as a reorganization of vimentin intermediate filaments that accompanied cell are several lines of evidence:
First, pressure-induced cell rounding closely resemrounding, rather than depolymerization of vimentin, as we discussed earlier for microtubules. None of the bles the cell rounding that accompanies mitosis in these cells. In both cases (i) the cell retracts from the vesicles that we observed in HeLa cells are visible in their photographs of vimentin, further suggesting that substrate, leaving long cellular processes (''retraction fibers'') (mitotic cells [38] , pressurized cells [6, present they were observing reorganization that accompanied cell rounding. Again, we have been unable to repeat results]), (ii) cytoplasmic microtubules depolymerize (see [5] ), (iii) actin stress fibers disassemble (see [5] ), their results, so comparison is difficult.
The results presented in this paper provide addi-and (iv) microvilli cover the cell surface (mitotic cells [39] , pressurized cells [6, present results] ). These tional evidence in support of the proposal that sensitivity of the cytoskeleton to pressure is determined largely changes in mitotic cells are driven by kinases and phosphatases, many of which are cell-cycle dependent (see by pressure's alteration of some regulator of cytoskeletal organization. First, we observed variability in the [40] ). More specifically addressing the phenomenon of phosphorylation, cell rounding is also observed in cells responses of cells within the same population. Giant cells and cells in contact with each other were more exposed to okadaic acid, an inhibitor of type 1 and 2A phosphatases [41, 42] and in cells microinjected with resistant to pressure-induced rounding. The abnormally large size of giant cells indicates they must be p34 cdc2 , the kinase subunit of the mitosis-promoting factor [43] . physiologically different from normal cells. Additionally, cells in contact with each other are physiologically Second, as stated above, it seems unlikely that intermediate filaments, and most especially cytokeratin, dedifferent from other cells because these cell lines exhibit contact inhibition, a behavior in which cells that polymerize via pressure's effect on equilibrium polymerization kinetics, owing to these proteins' resistance contact one another reduce motility and decrease their rate of proliferation [36, 37] . These physiologically dif-to in vitro depolymerization by physicochemical treatment. However, cytokeratin and vimentin readily deferent states are characterized by differences in the Thanks to Keith Burridge for advice and assistance in our attempts polymerize when phosphorylated (for reviews see [31, to detect changes in the phosphorylation levels of focal adhesion 32]). Notably, cytokeratin and vimentin depolymerize proteins. Helpful comments were provided by Steven Parsons, Robert in several cell lines during mitosis ( [44] [45] [46] for review Skibbens, Phong Tran, and Jennifer Waters. This project was supsee [47] ) forming intracellular vesicles that closely re-ported by the U.S. Office of Naval Research, Grant N00014-92-J-1504.
semble the vesicles we observed in pressure-induced depolymerization. Active protein phosphatase type 1 is required for integrity of vimentin intermediate fila-
